Nonlinear magneto-optical rotation with modulated light in tilted magnetic fields 
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Larmor precession of laser-polarized atoms contained in anti-relaxation-coated cells, detected 
via nonlinear magneto-optical rotation (NMOR) is a promising technique for a new generation of 
ultra-sensitive atomic magnetometers. For magnetic fields directed along the light propagation 
direction, resonances in NMOR appear when linearly polarized light is frequency- or amplitude- 
modulated at twice the Larmor frequency. Because the frequency of these resonances depends on 
the magnitude but not the direction of the field, they are useful for scalar magnetometry. New 
NMOR resonances at the Larmor frequency appear when the magnetic field is tilted away from the 
light propagation direction in the plane defined by the light propagation and polarization vectors. 
These new resonances, studied both experimentally and with a density matrix calculation in the 
present work, offer a convenient method for NMOR-based vector magnetometry. 

PACS numbers: 07.55. Ge,32.60.+i,32. 80. Bx,42.65.-k 



When linearly polarized light, frequency- or amplitude- 
modulated at O m , resonantly interacts with an atomic 
vapor in the presence of a magnetic field, the polariza- 
tion of the light can be observed to rotate synchronously 
with the modulation. This effect is known as nonlin- 
ear magneto-optical rotation with frequency-modulated 
light (FM NMOR) 0,0,0 or amplitude-modulated light 
(AMOR) HQ. It occurs when Q m is a subharmonic 
of the quantum beat frequency; the quantum beat fre- 
quency is at the first or second harmonic of the Larmor 
frequency Ql for the lowest-order effect discussed here. 
Higher-order effects involve quantum beat frequencies at 
other multiples of fiz, £| . The width of the resonance be- 
tween Ct m and flL is given by the relaxation rate of the 
atomic ground-state coherences. When the atomic vapor 
is contained in a paraffin-coated cell, in which ground- 
state atomic coherences can survive on the order a sec- 
ondjthe widths of the resonances can be as small as 0.6 
Hz 171. These resonances allow extremely precise mea- 
surements of the magnetic field over a wide field range, 
with magnetometric sensitivities exceeding 10 -11 G/VHz 
for low fields (competitive with the best atomic magne- 
tometers, see for example Ref. as well as SQUID mag- 
netometers J9]) and reaching 4 x 10~ 10 G/\/Hz for higher 
fields (up to 1 G) pjj- The FM NMOR method used 



in the present work, as well as AMOR, can be applied 
to studies of nuclear magnetic resonance and magnetic- 
resonance imaging [lflliU, measurements of geophysical 
fields and tests of fundamental symmetries 0|. The 
same approach can also be used in construction of chip- 
scale atomic magnetometers [l^j . 

Although the magnetometric method based on FM 
NMOR enables sensitive measurements of the magnetic 
field, the measurements are scalar, i.e., the position of a 
given resonance depends only on the magnitude, and not 
the direction, of the magnetic field. However, the relative 
magnitudes of the FM NMOR resonances can depend on 
the magnetic field direction. Thus, a detailed analysis of 
the FM NMOR signal could give some information about 
the direction of the magnetic field. Towards this end, we 
study here the dependence of the FM NMOR signal on 
the magnetic field direction. 

In the Faraday geometry, in which the magnetic field 
is along the light propagation direction, the main reso- 
nance occurs at fl m = 2Dl , because of the symmetry of 
the optically pumped state, as discussed below. We find 
that when the magnetic field direction is tilted in the 
plane perpendicular to the light polarization axis, only 
this resonance at 2VIl is observed, with its amplitude de- 
pending on the tilt angle. However, when the magnetic 
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field is tilted toward the light polarization axis, a new 
resonance appears at the relative magnitudes of the 
resonances at FIl and 2f2^ depend on the tilt angle. 
The scheme of the experiment is shown in Fig. ^ An 
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FIG. 1: Experimental setup. The magnetic field coils 
mounted inside the innermost shielding layer and used for 
creation of arbitrarily oriented magnetic field are not shown. 

anti-relaxation-coated buffer-gas-free vapor cell, contain- 
ing isotopically enriched 85 Rb, was placed within a four- 
layer magnetic shield. The magnetic shield provided pas- 
sive attenuation of dc magnetic fields by a factor of 10 6 
[lfij . A set of three mutually orthogonal magnetic-field 
coils placed inside the innermost layer enabled compen- 
sation of the residual average magnetic field and first- 
order magnetic field gradients inside the shield. The coils 
were also used for generation of an arbitrarily oriented 
magnetic field inside the shield. The rubidium atoms in- 
teracted with an ^-directed, 2 mm diameter laser light 
beam, linearly polarized along the y-axis. An external 
cavity diode laser was tuned to the rubidium Di line 
(795 nm) and its central frequency was stabilized with 
a dichroic atomic vapor laser lock flfil ll7T | at the low- 
frequency wing of the F — 3 — > F 1 transition. The 
laser-modulation frequency ranged from 100 Hz to 400 
Hz with 300 MHz (peak to peak) modulation depth and 
light power was ~3 fiW. Upon passing through the cell, 
the light was analyzed using a balanced polarimeter. The 
polarimetric signal was detected with a lock-in amplifier 
at the first harmonic of fl m and stored on a computer. 

The FM NMOR signals were studied as the mag- 
netic field direction was tilted in both the xz-plane (per- 
pendicular to the light-polarization axis) and the xy- 
plane (containing the light-propagation vector and light- 
polarization axis). Figure El shows the signals with the 
magnetic field B in the zz-plane at various angles to the 
light propagation direction. The strength of the magnetic 
field was equal for all the measurements (fix = 98.5 Hz). 
The main resonance occurs at fi m = 2£1l- The small 
resonance at is a result of using the modulated pump 
beam as a probe. For the frequency-modulated probe 
the time dependence of the light-polarization plane is ob- 
served, even if the atomic polarization in the medium is 
static. This effect has been analyzed in detail in Ref. 
1S| Sec. IV. The amplitudes of the resonances decrease 
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FIG. 2: The FM NMOR in-phase and quadrature signals vs. 
modulation frequency recorded for various angles between the 
magnetic field and the light propagation direction in the xz- 
plane. A small residual signal observed for 90o is a result of 
a small j/-component of the magnetic field. 



with increasing angle in the xz-plane (Fig. EJJ. The ex- 
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FIG. 3: The amplitude of the FM NMOR signals recorded at 
2Q.L vs. the tilt angle of the magnetic field in the a;z-plane. 
The solid line is a cosine fit to the experimental points. 

perimental signals are in qualitative agreement with the 
predictions of a density-matrix calculation j23| of FM 
NMOR for a model F = 1 -> F' = transition (Fig.Q). 

The observed dependence on the magnetic-field direc- 
tion can be understood by considering the time evolution 
of the atomic polarization. In the absence of a magnetic 
field, the linearly polarized light creates atomic align- 
ment (polarization with a preferred axis, but no pre- 
ferred direction) along the y-axis. This alignment can 
be visualized with a method described in, for example, 
Ref. 0| : a surface is plotted whose radius in a given 
direction is equal to the probability of finding the maxi- 
mum projection of angular momentum along that direc- 
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FIG. 4: Theoretical calculation of FM NMOR signal vs. mod- 
ulation frequency for af=l->F = transition for various 
tilt angles of the magnetic field in the a;«-plane. 



tion. When a magnetic field is applied, the alignment 
precesses around the magnetic-field direction at the Lar- 
mor frequency [Fig.E{a)]. Since in this case B is perpen- 
dicular to the alignment axis, the polarization returns to 
its original state after a 180° rotation, i.e., in half a Lar- 
mor period j^. Thus optical rotation, induced by the 
rotating linear dichroism, is periodic at twice the Lar- 
mor frequency [Fig.^b)]. Because only linear dichroism 
transverse to the light propagation direction (i.e., in the 
yz plane) can produce rotation, the amplitude of the ro- 
tation decreases as the cosine of the angle between B and 
the light propagation direction, as seen experimentally in 
Fig. El 

FigureElshows the FM NMOR signals for the magnetic 
field tilted in the xy plane at various angles to the light 
propagation direction; corresponding theoretical results 
for a F = 1 — > F' = transition are shown in Fig. 
When the magnetic field is parallel to the light propaga- 
tion direction a strong FM NMOR resonance is observed 
only at Q m — 2VLl. However, when the magnetic field 
is tilted toward y-axis an additional resonance appears 
at fl m = Ql- The amplitude of this resonance becomes 
more pronounced with increasing the angle, while the 
amplitude of the resonance at 2S1l decreases (Fig. |HJ, 
However, when the magnetic field is tilted by more than 
60° the amplitude of the resonance recorded at Sir, also 
starts to decrease and reaches zero when the magnetic 
field is directed along the y-axis. 

Once again, these signals can be explained by consider- 
ing the time-evolution of atomic polarization [Fig. Eta)]. 
Because the magnetic field is no longer perpendicular to 
the alignment axis, the polarization takes a full Larmor 
period to return to its original state. The anisotropy 
of the medium in the yz-plane is modulated at two fre- 
quencies: Q.l and 2Jli, as reflected in the plot of time- 
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FIG. 5: Illustration of the time dependence of FM NMOR for 
B in the xz plane at 30° to the light propagation direction x, 
using results of the calculation for a-F = l^F' = tran- 
sition, (a) Angular momentum probability surfaces depicting 
the dynamic part of the atomic alignment at various times 
during the Larmor period r. The alignment returns to its 
original position after time r/2. The double-headed arrows 
represent the light polarization before and after the medium, 
(b) Optical rotation as a function of time for the case shown 
in part (a) (solid line), and for B along x (dashed line). The 
dominant signal has period r/2 (frequency 2Q,l), correspond- 
ing to the periodicity of the polarization state shown in part 
(a). The effect of using the modulated pump as a probe beam 
can be seen here as a small additional modulation with period 

T. 



dependent optical rotation [Fig.EJb)]. The larger the tilt 
angle between B and the light propagation direction, the 
bigger the difference between the polarization states at 
the beginning and middle of the Larmor periods, increas- 
ing the signal at f^. However, for large angles, the mag- 
netic field direction is nearly along the alignment axis, 
reducing the effect of the field on the polarization and 
thus reducing the optical rotation. 

The data presented in Figs. EJandEJcan be also under- 
stood in a language of atomic coherences. When the mag- 
netic field is in the rrz-plane, the light polarization axis 
is perpendicular to the magnetic field. Thus, with the 
quantization axis along the magnetic field, the light can 
only create coherence between the m = 1 and m = — 1 
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FIG. 6: The FM NMOR signal vs. modulation frequency fi m 
recorded for different tilt angles of the magnetic field in the 
xy-plane. We proved with theoretical simulations that the 
small signal observed at SIl for the magnetic field oriented 
along y-axis is due to the misalignment between the magnetic 
field and the light polarization direction. 
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FIG. 7: Theoretical calculation of FM NMOR signal vs. mod- 
ulation frequency for aF=l->F = transition for various 
tilt angles of the magnetic field in the rry-plane. 

Zeeman sublevels. The frequency splitting between these 
sublevels is 2f2_L , so the resonance is observed at this fre- 
quency. However, when the magnetic field is tilted in the 
xy-plane, the light is a linear superposition of polariza- 



tions parallel and perpendicular to the magnetic field. In 
this case, the light can create coherences between sub- 
levels with Am = 1 and Am = 2, so resonances are 
observed at both VIl and 2Q,l- 
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FIG. 8: The amplitude of the FM NMOR signals recorded 
at Q.l and 2SIl vs. the tilt angle of the magnetic field in 
xy-plane. 



In conclusion, we have studied resonances in nonlin- 
ear magneto-optical rotation with frequency-modulated 
light (FM NMOR) when the magnetic field is tilted at an- 
gles away from the direction of light propagation. When 
the magnetic field is tilted in the plane defined by the 
light polarization and light propagation vectors, a new 
FM NMOR resonance appears at the Larmor frequency. 
The amplitude of the resonance depends on the tilt an- 
gle and thus can be useful for vector magnetometry or 
for aligning a scalar magnetometer to reduce heading er- 
rors. When the magnetic field is tilted in the orthogo- 
nal plane, no new resonance appears at the Larmor fre- 
quency. For tilt angles in both planes, the amplitude of 
the FM NMOR resonance at twice the Larmor frequency 
decreases with increasing tilt angle. The effects have 
been modeled with density matrix calculations, yielding 
good agreement with the experimental observations, and 
can be understood through visualization of the time- 
dependence of the atomic polarization moments. 
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FIG. 9: As Fig. [HI but with B in the xy plane at 17.5° to the 
light propagation direction x. (a) The alignment axis in this 
case is not perpendicular to the magnetic field, so it takes a 
full Larmor period r to return to its original state, (b) The 
optical rotation. The optical anisotropy in the yz-plane has 
components at Ql and 2Ql- 



S. M. Rochester, and V. V. Yashchuk, J. Opt. Soc. Am. B 
22(1), 7 (2005). 
[3] Y. P. Malakyan, S. M. Rochester, D. Budker, D. F. Kim- 
ball, and V. V. Yashchuk, Phys. Rev. A. 69, 013817 
(2004). 

[4] V. V. Yashchuk, D. Budker, W. Gawlik, D. F. Kimball, 
Yu. P. Malakyan, S.M. Rochester, Phys. Rev. Lett. 90, 
253001 (2003). 

[5] W. Gawlik, L. Krzemieh, S. Pustelny, D. Sangla, J. Za- 
chorowski, A. O. Sushkov, and D. Budker, Appl. Phys. 
Lett. 88, 131108 (2006). 



[6] M. V. Balabas, D. Budker, J. Kitching, P. D. D. 
Schwindt, and J. E. Stalnaker, JOSA B 23(6), 1001 
(2006). 

[7] D. Budker, L. Hollberg, D. F. Kimball, J. Kitching, 
S. Pustelny, V. V. Yashchuk, Phys. Rev. A 71, 012903 
(2005). 

[8] I. K. Kominis, T. W. Kornack, J. C. Allred, and M. V. 
Romalis, Nature 422, 596 (2003). 

[9] H. Weinstock, (ed.) SQUID Sensors: Fundamentals, 
Fabrication and Applications , Kluwer Academic, Dor- 
drecht, 1996. 

[10] V. V. Yashchuk, J. Granwehr, D. F. Kimball, S. 
M. Rochester, A. H. Trabesinger, J. T. Urban, D. Bud- 
ker, and A. Pines, Phys. Rev. Lett. 93, 160801 (2004). 

[11] S. Xu, V. V. Yashchuk, M. H. Donaldson, S. M. 
Rochester, D. Budker, and A. Pines - submitted for pub- 
lication. 

[12] V. Acosta, M. P. Ledbetter, S. M. Rochester, D. Bud- 
ker, D. F. Jackson Kimball, D. C. Hovde, W. Gawlik, S. 
Pustelny, J. Zachorowski, V. V. Yashchuk, Phys. Rev. A, 
73, 053404 (2006). 

[13] D.F. Kimball, D. Budker, D.S. English, C.-H. Li, A.-T. 
Nguyen, S.M. Rochester, A.O. Sushkov, V.V. Yashchuk, 
and M. Zolotorev, in Art and Symmetry in Experimental 
Physics: Festschrift for Eugene D. Commins, edited by 
D. Budker, S. J. Freedman, and P. H. Bucksbaum, AIP 
Conf. Proc 596, (AIP, Melville, NY, 2001), pp. 84. 

[14] P. D. D. Schwindt, L. Hollberg, and J. Kitching, Rev. 
Sci. Instrum., 76, 126103 (2005). 

[15] D. Budker, V. V. Yashchuk, and M. Zolotorev, in 
Trapped Charged Particles and Fundamental Physics , 
edited by D. H. E. Dublin and D. Schneider (American 
Institute of Physics, New York, 1999), pp. 177-182. 

[16] V. V. Yashchuk, D. Budker, and J. R. Davis, Rev. Sci. 
Inst. 71, 341 (2000). 

[17] K. L. Corwin, Z.-T. Lu, C. F. Hand, R. J. Epstain, and 
C. Wieman, Appl. Opt. 37(15), 3295 (1998). 

[18] S. Pustelny, D. F. Jackson Kimball, S. M. Rochester, V. 
V. Yashchuk, W. Gawlik, and D. Budker, Phys. Rev. A, 
73, 023817 (2006). 

[19] S. M. Rochester and D. Budker, Am. Journ. Phys. 69, 
450 (2001). 

[20] N. Nayak and G. S. Agarwal, Phys. Rev. A 31, 3175 
(1985). 

[21] D. Budker, D.F. Kimball, S.M. Rochester, and V.V. 
Yashchuk, Phys. Rev. Lett. 85, 2088 (2000). 

[22] The optical Bloch equations are solved using the "matrix- 
continued- fraction method" in the manner of Ref. [2fil |: 
the density matrix is expanded in a Fourier series in har- 
monics of the modulation frequency, and the resulting 
matrix recursion relation for the Fourier coefficients is 
inverted as a matrix continued fraction, which is evalu- 
ated by assuming a high-harmonic cutoff. 

[23] In this work the light power was sufficiently low to ex- 
clude effects such as alignment-to-orientation conversion 
[2ll | that cause more complicated polarization evolution. 



